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Human skin is influenced by various factors such as ultraviolet rays, stress, and aging. For example, wrinkles appear around the corner of the eye and the middle of the forehead with aging. The region where wrinkles appear is subjected to repeated deformation by daily motion, for example, the motion of blinking. It may be considered that the strains caused by such daily motions are closely related to the generation of wrinkles with aging. Therefore, it is necessary to measure the strain distribution on the skin surface where a wrinkle is generated. However, because the skin is very soft, and the skin surface has a complex threedimensional shape, it is not easy to measure the strains on skin.
There are various techniques for measuring strains [1, 2] . Strain gauges can be used for measuring strains on skin [3] , however, a strain gauge method is not considered appropriate for measuring strains on skin because the rigidity of a strain gauge is usually higher than that of skin. In addition, strain distributions cannot be obtained when a strain gauge is used. Optical methods such as a two-dimensional digital image correlation method have also been * Corresponding author.
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used for measuring strain fields on human skin [4] [5] [6] . Among the strain measurement methods, stereovision [7, 8] is one of the most suitable methods for measuring strains on facial skin because it can be used for measuring large strains on three-dimensional surfaces.
In the present study, an experimental technique for measuring and visualizing strain distribution on facial skin is developed. A stereovision technique based on digital image correlation is employed for obtaining the displacement distribution on the human face. Time-variation of the movement of the facial skin surface is obtained from consecutive images obtained using a pair of high-speed cameras. The strains on the facial skin surface are then obtained from the measured displacements by differentiating the displacements along the surface. The performance of the developed system is demonstrated by applying it to the measurement of the strains on facial skin during the production of sound. Results show that the strains on facial skin can be visualized. Further discussion on the relationship between the creation of wrinkles and strains is possible with the help of the developed system. First, camera calibration is performed to determine the intrinsic and extrinsic parameters of the two cameras. Here, Zhang's camera calibration method [9] good correlation among images, a random pattern is created on the surface of the face using a makeup airbrush. Figure 1 shows an example of the random pattern on the skin surface. It is known that the size of the random pattern should be selected to oversample the intensity pattern using several sensors for accurate measurement. In this study, each random pattern is oversampled by 10-40 pixels. Then, the face is illuminated by multiple light sources. The face images are recorded using two high-speed cameras (1024×992 pixels ×8 bits) at a frame rate of 100 fps. Using a digital image correlation technique, the corresponding points between the stereo pairs of images are determined. Then, the three-dimensional coordinates of the surface of the face before and after deformation are obtained. The displacements are obtained by subtracting the coordinates before deformation from those after deformation. The subset size used for calculating the correlation is 31 × 31 pixels and the number of points where the displacement is determined is approximately 12000. Figure 2 shows a set of stereo images of the human face obtained using the two cameras. The random pattern created by the airbrush is observed. In addition, the difference of perspective due to the difference in the direction of viewing between the two cameras is recognized. Applying the digital image correlation technique [7, 8] to the stereo pair images, the corresponding points between the images are identified. Here, the regions that are not observed from both cameras, such as the side of the nose, are excluded from the results. Then, the three-dimensional coordinates are determined based on the principle of stereovision. The shape of the face obtained by the stereo technique is shown in Fig. 3 . Parts such as eyes, nose, and cheek are recognized. That is, the threedimensional coordinates of the complex object can be obtained by stereovision. The shape in Fig. 3 is used as the reference coordinates for measuring the displacement and the strain. Figure 4 shows examples of the image obtained by the left camera during the production of sound of ''AIUEO''. In these images, Fig. 4(a) -(e) corresponds to the instant of the production of the sound 'A', 'I', 'U', 'E', and 'O', respectively. The displacement distributions, u x , u y , and u z , are obtained from the images using the procedure described above, as shown in Fig. 5 . The contours in Fig. 5 are the displacements at the instant of the production of sound 'A'. That is, the displacements in Fig. 5 are obtained from the image shown in Fig. 4(a) . By using this procedure, the variation in the displacements during the production of sound is obtained.
For calculating strains on a three-dimensional surface, the displacements should be differentiated along the tangential direction of the surface. Therefore, unlike the two-dimensional case, the derivatives of the surface displacements are not directly obtained because the direction of differentiation does not coincide with the coordinate system. In the present study, a simple method for obtaining strain distributions from measured displacements on a three-dimensional surface [10] is used. It is considered that the three-dimensional position of a point (x, y, z) and the surface displacements, u x (x, y, z), u y (x, y, z), and u z (x, y, z), of an object surface are obtained experimentally at discretely sampled points on the Cartesian coordinate system. Figure 6 shows the schematic diagram of a part of a three-dimensional surface. Strain components at a point are determined from displacements at multiple points within the local area in Fig. 6 . It is noted that the shape of the local area in Fig. 6 is a circle, but it can be of other shapes such as a square. In order to differentiate the displacements, the displacement components within the local area should be transformed into displacements on a local Cartesian coordinate system whose axes coincide with the tangential directions of the surface. The local area on the three-dimensional surface in Fig. 6 can be considered as a two-dimensional plane when the local area is small. Thus, the two-dimensional plane of the local area is expressed as ax + by + cz = 1, (1) Fig. 4. (a) -(e) images during the production of sound obtained by the left camera. where a, b, and c are the coefficients that can be determined by the method of least-squares. The unit normal vector n of the fitted plane is obtained as
where n 1 , n 2 , and n 3 are the components of the vector n. The unit tangential vectors t 1 and t 2 of the surface are
Therein, t 11 , t 12 , and t 13 , and t 21 , t 22 , and t 23 are the components of the vectors t 1 and t 2 , respectively. The vectors t 1 and t 2 lie on the fitted plane. The symbol j represents the unit vector of the y direction. Therefore, the unit vector t 1 is perpendicular to the y axis. Using the vectors t 1 , t 2 , and n, the position x, y, and z of a point on the three-dimensional surface and the displacements u x , u y , and u z can then be expressed on the local coordinate system x
where t 1 , t 2 , and n are the first, second, and third rows of the rotation matrix. The local coordinate system lies on the x ′ -y ′ plane. Therefore, the displacements u ′ x and u ′ y can be treated as the in-plane displacement components in the local coordinate system. After the coordinate transform, the differentiation of the displacements can be performed utilizing the method of leastsquares, and the strain distributions are obtained.
The principal strains, ε 1 and ε 2 , are evaluated during the production of sound, as shown in Fig. 7 . The maximum principal strains ε 1 in Fig. 7(a) -(e) and the minimum principal strains ε 2 in Fig. 7 (f)-(j) correspond to the image in Fig. 4(a) -(e). The strain concentration is observed at the corner of the mouth and around the chin. On the other hand, different from the strains during blinking [10] , the striped strain distribution on the cheek is not observed. Another example of strain measurement is shown below. The facial strains during blinking are analyzed by the aforementioned procedure. Figure 8 shows the time-variation of the image observed from the left camera, the principal strains ε 1 and ε 2 , and the principal direction θ around the eye during the blink. Here, only the image size of 320 × 300 pixels region that is cropped from the image of 1024 × 992 pixels is shown in Fig. 8(a) to protect the human subject's privacy. As shown in this figure, the strains around the eye vary with time. The strain concentration is observed at the early stage of the blink. In addition, it is observed in Fig. 8(d) that the strains in the horizontal direction are dominant at the corner of the eye at this stage. At the latter stage, on the other hand, the strain concentration decreases and the principal direction at the corner of the eye changes to the vertical direction. Further discussion on the relationship between strains and wrinkles that appear with aging is discussed in another paper.
As shown by these results, strains on the face can be visualized by the developed system. It is expected that the developed system can be used for further discussion on the mechanism of the creation of wrinkles with aging.
An experimental technique for measuring and visualizing strain distribution on facial skin has been described. A stereovision technique based on digital image correlation was employed for obtaining the displacement distribution on the human face. Results show that strains on facial skin can be visualized. Further discussion on the relationship between the creation of wrinkles and strains is possible with the help of the developed system.
